Abstract. The necesscity of the color-octet mechanism in describing heavy quarkonium production is a longstanding puzzle. Compared to the yields of heavy quarkonium, its polarizations should be a sensitive observable to pin down the color-octet contributions. In this talk, I will focus on the χ c polarization in hadroproduction processes, which may provide a unique test for the color-octet mechanism in nonrelativistic QCD.
INTRODUCTION
Since the first discovery of J/ψ in 1974 [1, 2] , heavy quarkonium physics has played an important role in revealing and investigating QCD at the interplay between the perturbative regime and non-perturbative regime. However, due to the complications, till now, it is still unable to pin down its production mechanism, especially the so-called color-octet (CO) mechanism in non-relativistic QCD (NRQCD) [3] .
For a long time, the relatively satisfactory comparisons between the color-singlet theoretical postdictions/predictions and experimental data (like heavy quarkonium production at B factories [4, 5, 6, 7, 8, 9, 10, 11] , in photoproduction [12, 13, 14] , in fixed-target production [15, 16] as well as at hadron colliders [17, 18] ) make people doubt on the importance of CO contributions. However, the measurements of J/ψ and ψ(2S) production at the Tevatron [19, 20, 21, 22] and the LHC [23, 24, 25, 26, 27, 28, 29, 30, 31, 28] with large p T transfer indeed indicate the necessity of CO contributions [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 35, 49] , in which the smoking gun signature is the polarization measurements. The unpolarized pattern of J/ψ and ψ(2S) was though to be a challenge to NRQCD for a long time. On contrast to S-wave charmoniua, P-wave charmonia are usually overlooked. In this talk, I will focus on the polarizations of χ c1 and χ c2 . From the lessons of J/ψ and ψ(2S) production, one should also expect that the polarizations of χ c1 and χ c2 may provide an unique test on the CO mechanism (COM).
Compared to J/ψ and ψ(2S) production, there are several motivations to consider χ c production as a complementary study. First, unlike the case of J/ψ, there is no significant feed-down contributions to prompt χ c production. It makes the analysis simpler. Second, only one independent leading CO LDME O χ cJ ( 3 S [8] 1 ) should be determined from the experimental data. In other words, one can expect more predictive power of χ c than of J/ψ and ψ(2S)-which need to know three leading CO LDMEs. On the theoretical side, the unresolved problem of infrared (IR) divergences for Pwave states in color-singlet model (CSM) can be naturally overcomed by absorbing IR poles into the renormalization group evolution of CO S-wave states. From this point of view, COM is necessary for understanding χ c production. Moreover, it is also necessary to investigate χ c polarization, since almost 30% of prompt J/ψ is from the feed-down contribution via χ c → J/ψ + γ.
In this talk, I will first generalize the spin-entangled decay amplitudes χ c → J/ψ + γ by including the impact of higher order multipole transitions. It will be quite useful for Monte Carlo simulations to implement in generators, like HELAC-ONIA [50] . Before going into any phenomenological analysis, we will first fix the values of CO LDMEs from the yields data of χ c at the Tevatron. Finally, we present the predictions for the polarizations of χ c1 and χ c2 production at the LHC, and propose the experimentlists to measure these observables. equation, we do not apply the assumption of m χ c1 ≃ m J/ψ , and it is rigorous.
Along the same line, for χ c2 → J/ψ + γ, we have
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where the coefficents δ 0 and δ 1 can be expressed as the polynomials of E1, M2 and electric octupole (E3) transition amplitudes a
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With Eqs. (3, 7, 11) in Ref. [51] , the above equations render the angular distributions of χ c1 → J/ψ + γ and χ c2 → J/ψ + γ established in appendices A and B of Ref. [51] . Combining the well-known vector currents form helicity amplitudes for J/ψ → ℓ + ℓ − , one is easily able to derive the angular distributions for the cascade decays χ c → J/ψ +γ → ℓ + ℓ − +γ, which were established in appendix C of Ref. [51] . In the following, we only consider the polar angle distributions. For the J/ψ or γ angular distributions, we have
We will refrain the expressions for the polar asymmetry coefficeints λ kθ in terms of χ c production spin density matrix elements and the multipole amplitudes, but refering the interested readers to the corresponding formula presented in Refs. [51, 46] . Similarly, the lepton polar angle θ ′ dependence can be sketched as
One can also find the corresponding formula in Refs. [51, 46] for the coefficient λ θ ′ . The multipole amplitudes have been measured by CLEO [52] , Crystal Ball [53] , E760 [54] , E835 [55] Collaborations. Unfortunately, the measured values for the higher-order multipole amplitudes are still inconsistent among the various measurements. In the following, we will take the values fitted by CLEO [52] Collaboration as our input values. In sepcific, we have
where we have taken the E3 amplitude for χ c2 decay to be zero from the single quark radiation hypothesis [56, 57] . The nonvanishing of these higher-order multipole amplitudes are important for determining the J/ψ or γ angular distributions, while it only mildly changes the lepton angular distributions in the cascade decays χ c → J/ψ + γ → ℓ + ℓ − + γ. 1 We assume the multipole transition amplitudes are real and normalized a J=2 [37] . Several possible comparisons for χ c yields to the LHC data have been done in Refs. [46, 60, 26, 61] with these non-perturbative LDMEs. We found that good agreements between theory and experiment were achieved.
CO LDMES

POLARIZATIONS
In Ref. [46] , we managed to present a first rigorous theoretical prediction for the χ c polarization observables at the LHC. We displayed the χ c p T distributions for the J/ψ or photon polar asymmetry coefficients λ θ in Fig.1 . I want to remind the reader that this observable is sensitive to the values of higher-order multipole amplitudes. Hence, the measurement of such observable at the LHC may cross check the measured values of the higher-order multipole amplitudes. For comparison, the LO NRQCD results and the LO CSM results are also included. At LO in α s , CO contribution is dominant. Hence, the LO NRQCD results can be viewed as the polarization behaviour determined by CO contribution. At NLO in α s , the CS component will partly cancel the CO component. In Fig.1 , one can clearly see that the LO NRQCD results indeed share the different behaviours with the CSM result. Therefore, it is understood that the NLO NRQCD curves lie between LO NRQCD and LO CSM curves when p T > 10 GeV. It may provide a good discrimination to determine the fraction of CO contributions in χ c production at the LHC. In E1 approximation, the coefficeint λ 2θ for χ c2 polarization in Eq.4 is zero. Hence, we refrain ourselves to present a prediction for λ 2θ here, because in anycase it is quite close to zero. A reweighting method proposed in Ref. [51] may help to determine this observable on the experimental side. For the coefficient λ θ ′ in the dilepton angular distribution Eq.5, the p T spectra are shown in Fig.2 . Unlike λ θ , λ θ ′ should be insensitive to the values of the higher-order multipole amplitudes. Hence, it can be compared to the experimental data without receiving any significant uncertainty from the inconsistent measurements of a J=1 2 , a J=2 2 , a J=2 3 . Similar to λ θ , the behaviour of CO is different to that of CS in λ θ ′ , and it provides another good observable to distuinguish COM and CSM. Finally, I would like to emphasize that it is the same observable to show the feed-down part of the J/ψ polarization from χ c → J/ψ + γ.
CONCLUSION
In this talk, I mainly focus on the χ c polarization, which might provide an unique test to COM at the LHC. I first derived a set of helicity amplitudes for the spin-entangled decay of χ c → J/ψ + γ, which is completely new and useful to implement into generators for Monte Carlo simulations. Then, I presented our theoretical predictions for the polarizations of χ c1 and χ c2 production at the LHC in the NRQCD framework at NLO in α s . These polarization observables may be important to determe/test the CO contributions in χ c hadroproduction. Moreover, the J/ψ or photon angular distributions may also provide a possible way to extract the higher-order mutlipole amplitudes at the LHC, which is still poorly known.
